Teleost fish represent unique models to study the role of neuroestrogens because of the extremely high activity of brain aromatase (AroB; the product of cyp19a1b). Aromatase respectively converts androstenedione and testosterone to estrone and 17␤-estradiol (E2). Specific inhibition of aromatase activity by fadrozole has been shown to impair estrogen production and influence neuroendocrine and reproductive functions in fish, amphibians, and rodents. However, very few studies have identified the global transcriptomic response to fadrozole-induced decline of estrogens in a physiological context. In our study, sexually mature prespawning female goldfish were exposed to fadrozole (50 g/l) in March and April when goldfish have the highest AroB activity and maximal gonadal size. Fadrozole treatment significantly decreased serum E2 levels (4.7 times lower; P ϭ 0.027) and depressed AroB mRNA expression threefold in both the telencephalon (P ϭ 0.021) and the hypothalamus (P ϭ 0.006). Microarray expression profiling of the telencephalon identified 98 differentially expressed genes after fadrozole treatment (q value Ͻ0.05). Some of these genes have shown previously to be estrogen responsive in either fish or other species, including rat, mouse, and human. Gene ontology analysis together with functional annotations revealed several regulatory themes for physiological estrogen action in fish brain that include the regulation of calcium signaling pathway and autoregulation of estrogen receptor action. Real-time PCR verified microarray data for decreased (activin-␤A) or increased (calmodulin, ornithine decarboxylase 1) mRNA expression. These data have implications for our understanding of estrogen actions in the adult vertebrate brain.
MAIN ESTROGENS estradiol-17␤ (E2) and estrone (E1) play fundamental regulatory roles in neuroendocrine and reproductive systems. Through binding to its nuclear estrogen receptors (nER)-␣ and nER-␤, E2 regulates transcriptional process of target genes whose promoters contain estrogen-responsive elements (ERE) (57) . In addition to this classical nuclear action, E2 also has membrane actions in which a unique membrane receptor is utilized to rapidly activate a series of signaling pathways (52, 70) . Since the signaling pathway activation will ultimately influence the transcriptional activities of downstream transcription factors including nERs, membrane actions of E2 provide another mode to regulate genomic gene expression (70) . Fish are unique models in which to study E2 action because there is high activity of the B-subtype aromatase (AroB; the product of cyp19a1b), the enzyme responsible for synthesizing E2 from testosterone (T), in the neuroendocrine brain, telencephalon (Tel) and hypothalamus (Hyp) (42) . Moreover, in contrast to mammals where aromatase and nER are commonly expressed in neurons, current studies in fish and birds strongly suggest that AroB is exclusively expressed in radial glial cells and nER is mostly expressed in neurons (16, 43) . Thus, the local production of glial estrogen and signaling to neurons is an important interaction between these cell types that has fundamental implications for neurogenesis, neuronal regeneration, neuroprotection, and neuroendocrine function (16, 19, 37) .
Profiling the physiological effects of fadrozole, a reversible competitive inhibitor of aromatase, has been used successfully in studies investigating estrogen action in fish (2, 4, 15, 38, 45, 69) , frog (41) , and rodent (23) models. By inhibiting aromatase activity, fadrozole decreases serum E2 levels (2, 4) , impairs gonadal development (2) , and potentially induces sex reversal in fish (4, 15, 69) . However, the associated gene expression changes caused by fadrozoleinduced E2 decline in neuroendocrine systems are still largely unknown. Several studies have utilized real-time PCR analysis of selected genes (61, 72) and low-density microarrays (60) to profile fadrozole-induced changes in gene expression. Recently, the zebrafish (Danio rerio) model was used to identify the relationship of the global transcriptomic changes between brain, testis, and ovary after fadrozole treatments (62) . However, in this latter study, there were no attempts to relate the changes in the transcriptome to changes in physiology.
In the present study, we assessed the effects of fadrozole on neuroendocrine and reproductive systems in the goldfish model (46) using both physiological and transcriptomic information. In goldfish, serum E2 levels exhibit a distinct seasonal profile with an increase around April and May, corresponding to the prespawning period (55) . Accordingly, a similar seasonal profile for aromatase activity (42) and AroB expression (71) has been observed in the neuroendocrine brain Tel and Hyp. All these data indicate that the prespawning period from April to May is a critical period for physiological E2 action in neuroendocrine systems. This allows us to target this particular period and block E2 action by treating goldfish with fadrozole between March and April. We then evaluated the effect of fadrozole by gonadal histology, serum E2 levels, global gene expression profiling of the neuroendocrine brain, and subsequent gene ontology analysis.
MATERIALS AND METHODS
Experimental animals and design. Female common goldfish (Carassius auratus) were purchased in January 2005 from Aleong's International (Mississauga, ON, Canada) and were maintained at 18°C under a natural simulated photoperiod typical of Ottawa, Canada. Fish were fed everyday with standard goldfish food. The experiment was conducted from March to April. Goldfish (n ϭ 64) were housed in 70-liter round tanks (n ϭ 16 per tank; four tanks in total) supplied with constant aeration. Fadrozole was kindly provided by Novartis Pharma and diluted in water at a final concentration of 50 g/l. The water and fadrozole were renewed every 3 days. After the exposure period (40 days), goldfish were anesthetized with 3-aminobenzoic acid ethylester (MS222; Aquatic Eco-Systems, Apopka, FL) for all handling and dissection procedures according to the guidelines of the Animal Care Committee, University of Ottawa, and the Canadian Council on Animal Care. Care was taken to standardize all handling and sampling protocols. Samples were rapidly dissected and immediately frozen on dry ice. Two or three hypothalami and telencephali were pooled together for a total number of 12 pools in each group. At the time of sampling, body weights and gonadal weights were recorded and gonadosomatic index (GSI; gonad weight expressed as percentage of the body weight) was calculated. An independent identical treatment was conducted in March-April 2006 with a second set of fish (Aleong's International) to confirm microarray result using real-time PCR (see below).
E2 radioimmunoassay. E2 was measured by radioimmunoassay (RIA) according to an established protocol (34) . Sex steroids were extracted from 100 l of serum from female goldfish. Since data were not normally distributed, a nonparametric test (Mann-Whitney U-test; SigmaStat3.5) was used to test the significant difference (P Ͻ 0.05).
Gonadal histology. Ovaries (three females per treatment) were fixed in Cal-Ex II (Fisher Scientific) for 3 days. Gonads were stored in 70% ethanol until paraffin embedding. Embedded samples were sectioned at 5 m, and cross sections were stained with hematoxylin and eosin following conventional histological procedure. Images of the sections were captured with a Micro Publisher 3.3 Digital microscope camera (Qimaging, Surrey, BC, Canada).
RNA isolation and cDNA synthesis. Homogenization and disruption of brain tissue samples were done using an MM301 Mixer Mill (Retsch, Newton, PA) at 20 Hz for 2 min. The RNeasy Plus Mini kit (Qiagen) was then used for RNA isolation as described in the manufacturer's protocol. Concentrations of RNA were determined using GeneQuant spectrophotometer (Amersham Pharmacia Biotech, Piscataway, NJ). cDNA was prepared from 2 g total RNA and 200 ng random hexamer primers (Invitrogen, Burlington, ON, Canada) using Superscript II RNase H-reverse transcriptase (SSII) as described by the manufacturer (Invitrogen). A no reverse transcriptase control (NRT) was made where RNase-free water was added to the cDNA synthesis reaction instead of the SSII enzyme.
Microarray hybridization and data analysis. The description, validation, and use of our goldfish-carp microarrays have been published previously (31, 32, 35, 46, 64) . Version 1.1 of the cDNA array was used in the present study and contains 8,664 clones printed in duplicate. Detailed microarray platform information has been deposited in the National Center for Biotechnology Information Gene Expression Omnibus (GEO) database (platform accession no. GPL7056). For the microarray hybridizations, a common reference pool was made from all control Tel RNA samples. The reference pool and five separate pools of Tel RNA from fadrozole-treated fish were analyzed. We used the Genisphere Array 900MPX cDNA microarray labeling kit (Genisphere, Hatfield, PA) for all microarray hybridizations. This indirect labeling kit uses Cyanine 3 (Cy3) and 5 (Cy5) as the fluorescent dyes. The complete hybridization protocol is found at (http://www. genisphere.com/pdf/array900mpx_protocol_v06-22-04.pdf). We used 2 g total RNA for the first-strand synthesis. The 2ϫ formamide-based hybridization buffer was used for the microarray prehybridization step, and the 2ϫ SDS-based hybridization buffer was used for the light capture reaction (3DNA hybridization step).
Microarrays were scanned at full-speed 10-m resolution on a ScanArray 5000 XL system (Packard Biosciences/Perkin-Elmer) using both red and blue lasers. Images were obtained with ScanArray Express software using automatic calibration sensitivity varying photomultiplier tube (PMT) gain (PMT starting at 65% for Cy5 and 70% for Cy3) with fixed laser power at 80% and the target intensity set for 90%. Microarray images were opened using QuantArray (Packard Biosciences/Perkin-Elmer) and raw signal intensity values obtained for duplicate spots of genes. Raw intensity values for all microarray data have been deposited in the GEO database with series accession GSE14558.
In preparation for data analysis, we first removed the outlier spots that were generated due to the scratches or dust on the surface or imperfections during array production or hybridization. The spots whose estimated fluorescence intensity was below or equal to the estimated background signal intensity in either channel were also removed. We further removed the genes whose intensities could not be detected in Ͼ20% replicate spots. Other missing values were imputed by using K-nearest neighbor averaging scheme (54) . Lowess normalization (68) was used to decrease within-slide bias. For between slide normalization, either the Scale method (68) or a novel General Procrustes Analysis (GPA) method (65) were used. Significance analysis of microarray (58) was performed to assess the significance of differential expression of the genes. Genes with false discovery rate Ͻ0.05 are considered as differentially expressed ones. We finally compared the performance of GPA and Scale normalizations based on positive identification of known E2-responsive genes that were retrieved by PubMed searching. Compared with the Scale normalization, GPA normalized data generated fewer differentially expressed genes; however, it retrieved more known estrogen-regulated genes. For example, both somatostatin type 2 and somatostatin type 5, which are differentially regulated by E2 in rat pituitary (26) , were identified in the GPA normalized data but not in the Scale normalized data. This result provides a practical support for reliable performance of GPA method in microarray data analysis.
Functional annotations. Gene Ontology (GO) analysis for differentially expressed genes was carried out using the Blast2Go program (http://www.blast2go.de/). The specific GO terms were selected with the confluence score higher than cutoff values (9 for biological process category; 5 for molecular function category). This Blast2Go score takes into account the number of sequences converging at one GO term and penalizes by the distance to the term where each sequence actually was annotated (20) .
Gene function was also verified by retrieving and comparing homologous sequences from the GenBank database and profiling domain information in the Pfam database (http://pfam.sanger.ac.uk/). To illustrate the regulatory relationship between E2 and the identified gene candidates, we retrieved research papers by searching key words of "estrogen" and an individual gene name in PubMed database.
Real-time PCR assay. SYBR green real-time PCR assays were conducted to measure the relative gene expression of AroB, ornithine decarboxylase 1 (ODC1), activin-␤A, and calmodulin, aldolase c, elongation factor (EF) 1␣, 18s rRNA in both control and treated groups. Primers (Table 1) were designed using Primer3 (http:// frodo.wi.mit.edu/) and purchased from Invitrogen. The Mx4000 Quantitative PCR System (Stratagene, La Jolla, CA) was used to amplify and detect the transcripts of interest. Each PCR reaction contained the following final concentrations: 25 ng first-strand cDNA template, 1ϫ QPCR buffer, 3.5 mM MgCl2, optimized concentrations (150 -300 nM) of gene-specific primers, 0.25ϫ SYBRGreen (Invitrogen), 200 M dNTPs, 1.25 U HotStarTaq (Invitrogen), and 100 nM ROX reference dye in a 25 l reaction volume. The thermal cycling parameters were an initial 1 cycle Taq activation at 95°C for 15 min, followed by 40 cycles of 95°C for 15 s, optimized annealing temperature (58 -60°C) for 5 s, 72°C for 30 s, and a detection step at 80°C for 8 s. Dilutions of cDNA (1:10 to 1:31,250) from all samples were used to construct a relative standard curve for each primer set. After the reaction was complete, a dissociation curve was produced starting from 55°C (ϩ1°C/30 s) to 95°C. For each PCR reaction, negative controls were also introduced including a no template control where RNasefree water was added to the reaction instead of the template (cDNA) and a NRT control (previously described). The SYBR green assay for every target gene was optimized for primer concentration and annealing temperature to obtain for the standard curve an R 2 Ͼ 0.98, amplification efficiency between 90 and 110% and a single sequence-specific peak in the denaturation curve. For each gene, real-time PCR samples were run in duplicate.
Data were analyzed using the MxPro software package. The relative standard curve method was used to calculate the relative mRNA level of target and reference genes between samples. The copy numbers of target genes were normalized to those of EF1␣, an internal reference gene whose expression did not change significantly with the treatment. By contrast, 18s rRNA expression was significantly increased in both Tel (1.6-fold; P Ͻ 0.001 by t-test) and Hyp (1.8-fold; P Ͻ 0.001 by t-test) after fadrozole exposure, indicating that 18s rRNA is not a proper internal reference gene for our experiment. The final normalized data from biological replicates (12 RNA samples per group) are presented as means ϩ SE of fold changes of the treated group relative to the control group, which was set at 1. For statistical analysis, significant changes in gene expression in normally distributed data were evaluated using an Independent Samples t-test (P Ͻ 0.05; SigmaStat3.5), and nonnormally distributed data were evaluated using the Mann-Whitney U-test (P Ͻ 0.05).
RESULTS
GSI and histological examinations. Ovarian GSI (2.2 Ϯ 0.3; mean Ϯ SE) in the fadrozole-treated female goldfish was 43% lower than controls (3.9 Ϯ 0.9). However, this was not statistically significant (P ϭ 0.251 by U-test). This is very likely due to large variation within samples.
Histology was used to determine the effect of fadrozole on female goldfish since effects on gonad development have been observed in other fish (2, 4, 15, 38, 45) and frog species (41) . In the female control goldfish, the oocytes were evident in the cortical alveolar/vitellogenic stages (Fig. 1, A and B) . However, in females from fadrozole-treated group, the oocytes were only at early stages of development and no vesicles (cortical alveolus) were observed (Fig. 1, C and D) . The current results suggest that inhibition of aromatase delayed the expected seasonal maturation of the ovary over the duration of the experiment.
Fadrozole treatment decreases serum E2 level and AroB expression. Considering the histological differences in ovary between control and treated groups, we next measured serum E2 level in female goldfish. Compared with the control group, significantly lower (4.7 times) levels of circulating serum E2 were found in the fadrozole-treated fish (P ϭ 0.027; Fig. 2 ). This indicates that fadrozole treatment effectively reduced E2 production in goldfish.
We also wanted to know whether E2 reduction by fadrozole affected expression of AroB, which is known to be directly regulated by E2 in fish (12) . Real-time PCR indicated that fadrozole treatment was effective; in the treated group, AroB expression was three times lower in both the Tel (P ϭ 0.021; Fig. 3A ) and the Hyp (P ϭ 0.006; Fig. 3B ) than that in the control group. This indicates that the E2 reduction by fadrozole is achieved not only by inhibiting aromatase activity, but also by further decreasing AroB expression in the brain.
Microarray analysis of gene expression in Tel. Since AroB is a typical target of E2 transcriptional action (12, 31) , its expression change suggests that E2 reduction may have effects on the expression of other E2-regulated genes. The goldfishcarp cDNA microarray was then used to identify these potential E2-regulated genes in Tel. Microarray data analysis identified 98 differentially expressed genes (q value Ͻ0.05) in which 68 were upregulated ( Table 2 ) and 30 were downregulated (Table 3) following fadrozole treatment.
Some of the identified genes have been previously shown to be estrogen responsive in fish or other species (Tables 2 and 3 ). For instance, in our previous microarray analysis of the Hyp (31), matrix metalloproteinase-9 was decreased in male goldfish after exposure to E2, while it is upregulated in the present study. There is also evidence showing that some identified candidate genes have regulatory relationships to estrogen in other tissues of other species. These include SNAP25, somatostatin-14, somatostatin receptor 2 and 5, neuropeptide Y, lactate dehydrogenase a, ubiquitin carboxy-terminal hydrolase L1, parvalbumin, matrix metalloproteinase-13. We list the PMID of the retrieved references for this information (Tables  2 and 3) .
Functional significance of differentially expressed genes. We used GO analysis to explore the potential biological processes or molecular functions related to differentially expressed genes (Fig. 4) . Grouping of genes into functional categories is set by a user-defined cutoff parameter. When the cutoff value of classification is 9, the GO biological processes include the terms transport, multicellular organismal process, signal transduction, response to stress, cellular metabolic process, response to chemical stimulus, negative regulation of cellular process and calcium ion transport (Fig. 4A) . When cutoff value of classification is 5, the specific GO molecular functions identified include the terms catalytic activity, ATP binding, zinc ion binding, DNA binding, receptor binding, calcium ion binding, calcium channel activity, and calcium channel inhibitor activity (Fig. 4B) . Interestingly, in both categories, GO terms related to calcium signaling are retrieved with very high confluence scores. This suggests that fadrozole treatment and the associated reduction in estrogen synthesis Tables 2 and 3 ). Literature searches also retrieved several genes whose homologs are somehow functionally related to E2 actions (functional theme E in Tables 2 and 3 ). These genes fall into two types of regulation of E2 actions: one is direct regulation of nER activity, which includes calmodulin (5), HSP90b (29), O-GlcNAc transferase (7), ubiquitin-conjugating enzyme E2 (UCE2) variant 1 (39), activin ␤A (11), and the dynein light chain (22, 48) . The second type is regulation of nER mRNA levels by such factors as PACAP (9) and activin-␤A (28) . While speculative, observed changes in the expression of PACAP and activin-␤A following fadrozole treatment could potentially affect ER expression further modulating E2 actions in the brain. Other gene groups identified include the ubiquitinproteasome (UP) pathway-related genes, ubiquitin thiolesterase, ubiquitin-conjugating enzyme E2, ubiquitin c-terminal hydrolase L1, and cdc23 and SMT3 suppressor of MIF two 3 homolog 3 (functional theme U), and three somatostatin- related genes, preprosomatostatin-14, somatostatin receptor type 2 and somatostatin receptor type 5 subtype B (functional theme S), which are known E2 targets (26, 49, 66) . Real-time PCR verifications. Real-time PCR was used to validate the expression change of four genes in Tel as determined in the microarray analysis. Expression changes of these same genes in the Hyp, another major neuroendocrine region, were also examined. Except for aldolase c, three other genes including calmodulin, activin-␤A, and ODC1 exhibited significant changes in both the Tel and the Hyp (Fig. 5) . Calmodulin is a calcium binding protein as identified by GO and domain analysis. After fadrozole treatment, calmodulin mRNA level increased 1.3-fold (P ϭ 0.031) in the Tel and 1.4-fold (P ϭ 0.004) in the Hyp (Fig. 5A) . Activin-␤A is a member of the transforming growth factor-␤ (TGF-␤) superfamily (25) . It was chosen for its functional relevance to ER action (E2 function theme in Tables 2 and 3 ) (11). After fadrozole treatment, activin-␤A expression is decreased ϳ30% in both the Tel (P ϭ 0.009) and the Hyp (P ϭ 0.018) (Fig. 5B) .
ODC1 is the key enzyme responsible for catalyzing the reaction of ornithine to putrescine in the ODC/polyamine system (51) . Putrescine has been shown to be an alternative precursor source of the neurotransmitter ␥-aminobutyric acid (GABA) (53) . We observed an increase in the ODC1 mRNA level in both Tel (2-fold; P ϭ 0.002) and the Hyp (1.7-fold; P ϭ 0.008) after fadrozole treatment (Fig. 5C ). Aldolase c expression was not significantly affected (P ϭ 0.087; Fig. 5D) ; however, the direction of the expression change (1.2-fold) was consistent with the microarray analysis. It should be noted that all significant expression fold changes ranged from 1.3 to 2, which is typical in central nervous tissues and highly similar to previous observations in fish brain (32) .
DISCUSSION
In the present study, we used the goldfish model to evaluate the effects of fadrozole on neuroendocrine and reproductive functions. In contrast to other studies, we treated the female goldfish from March to April, the seasonal period when goldfish have maximal brain aromatase activity and high serum E2 levels (42, 55) . We intended to produce an E2-deficient phenotype by fadrozole treatment. Thus, we hypothesized that, compared with control goldfish that have been exposed to the normal seasonal E2 profile and physiological expression changes of E2-regulated genes, fadrozole-treated fish will exhibit opposite and contrasting effects on physiology and gene expression.
We first confirmed and characterized the physiological effects of fadrozole by two approaches. There was a significant decrease in serum E2 level for the female goldfish treated with fadrozole. We also observed that fadrozole treatment affected ovarian development. The GSI of controls was ϳ3.9, while those receiving fadrozole was ϳ2.2, which is more typical of midrecrudescent fish in December or January (71) . Although based on a small subsample, fadrozole-treated fish ovaries only contained oocytes at early stage of the development, which was in contrast to control fish ovaries that exhibited more advanced development. Our results are comparable to the histological observations in the fadrozole-treated adult female fathead minnow (Pimephales promelas) (2). Fig. 4 . Gene Ontology (GO) term analysis of differentially expressed genes after fadrozole treatment. A: sequence distribution based on GO biological process terms whose confluence scores are higher than cutoff value of 9. B: sequence distribution based on GO molecular function terms whose confluence scores are higher than cutoff value of 5. The specific score (S) and the number of genes (N) for the individual GO term are indicated.
As expected, we found that AroB mRNA is significantly lower in both the Tel and the Hyp after fadrozole treatments. AroB is a direct E2 target in the fish brain and the estrogenresponse element in the goldfish promoter has been characterized (12) . Decreased AroB expression in Tel and Hyp therefore suggests an effective inhibition of E2 production and further inhibition of nER-mediated action. We used cDNA microarrays to profile global gene expression changes in the Tel that may be associated with fadrozole-induced E2 reduction. We identified numerous candidate estrogen-responsive genes and confirmed the expression change of calmodulin, activin-␤A, and ODC1 by real-time PCR. Some other genes, for example MMP9 (31) and preprosomatostatin-14 (13) , have also been shown to be E2-regulated in the goldfish brain. We also identified additional genes whose homologs are subjected to E2 regulation in other species. These observations support the hypothesis that fadrozole treatment can reverse E2 action to regulate gene expression. Moreover, the conserved transcriptional regulation by estrogen of those genes in different species may indicate an ancestral regulatory mechanism that are most likely located at some evolutionarily conserved EREs in promoter regions. Further comparative genomic analyses and functional characterizations are needed to substantiate this hypothesis.
Gene expression changes in the brain associated with E2 reduction provide functional insights into physiological actions of estrogens. Firstly, GO analysis together with domain annotations identified 12 gene products, including calmodulin, that possess calcium binding activity. This indicates that E2 deprivation impacted calcium signaling via E2-dependent transcriptional pathways. It has been extensively documented that in neurons of mammals (rat, pig, and monkey), E2 can regulate cellular calcium concentration (24, 47) and oscillations (1, 40) . This E2 effect has been shown to be mediated by a membraneinitiated signaling pathway of E2 involving the G proteincoupled receptor 30 (1, 40) . Moreover, in rat pituitary cells, E2 can also regulate calcium signaling by affecting the expression of some calcium-binding proteins, such as SNAP25 (63) and parvalbumin (17) . In teleost fish, E2 is known to induce an increase in circulating levels of vitellogenin (8, 36) , a calcium binding protein from the liver, and a parallel increase in blood plasma calcium (21, 44) . However, the molecular mechanisms involved in estrogen-regulated calcium signaling and associated physiological effects in fish are still largely unknown. Our findings suggest that E2 can regulate the calcium signaling pathway in fish brain by modulating the gene expression of calcium-binding proteins.
Numerous differentially regulated genes have been implicated in ER-mediated actions (functional theme E in Tables 2  and 3 ), which are typified by calmodulin (18, 30) , hsp90b (10, 29) , O-GlcNAc transferase (7), UCE2 variant 1 (39, 59) , and the dynein light chain (22, 48) . The expression change of calmodulin was verified by real-time PCR in the current study. Calmodulin, hsp90b, and the dynein light chain are required for the transcriptional activity of ER␣. By directly interacting with ER␣ (14) , calmodulin modulates the ability of ER␣ to bind to a ligand (6) or to the ERE (5) and promotes receptor stability by preventing UP degradation (30) . Hsp90b also contributes to protecting the ER against the UP pathway (29), whereas dynein light chain has been recently shown to link nER to other chromatin remodeling complexes (22) . In contrast, O-GlcNAc transferase and UCE2 variant 1 and other proteins including ubiquitin thiolesterase, ubiquitin c-terminal hydrolase L1, cdc23, and SMT3 suppressor of MIF two 3 homolog 3 (functional theme U in Table 2 ) are all functionally related to the UP degradation pathway, which regulates nER stability (7, 39, 59) . The differential expression of these modulatory factors after fadrozole treatments suggests an autoregulation mechanism of E2 action in the neuroendocrine brain. Moreover, in another study where male goldfish were treated with E2, a decrease in the expression of another UCE2 enzyme was observed in the Hyp (31), further indicating estrogenic regulation of these pathways.
The differential expression of activin-␤A provides another regulatory mechanism for the cross talk between E2 and activin signaling in fish. The activin-␤A subunit along with activin-␤B, -␣A, and -␣B are members of the TGF-␤ superfamily. Activin is a dimeric growth factor formed by two subunits and binds the membrane serine/threonine kinase receptors (33) , which then induce the activation of downstream signaling pathways and affect activities of transcriptional factors such as Smad (50) . Very recently, activin signaling was shown to regulate ER␣ activity in the human breast cancer cells (11) and induce expression of ER␤ in the mouse granulosa cells (28) . Moreover, E2 has been shown to regulate the expression of the activin-␤ subunits in the mouse neonatal ovary (27) and type II activin receptor in rat Hyp (56) . Therefore, it seems that there is a cross talk between E2 and activin signaling in mammals. In our study, fadrozole treatment resulted in a decrease in activin-␤A expression in the Tel, which supports a regulatory cross talk between activin and E2 signaling in the fish brain.
ODC1 is another gene whose expression was confirmed as increased after fadrozole treatment. ODC1 catalyzes the formation of putrescine from ornithine, a rate-limiting step during the biosynthesis of the polyamines spermidine and spermine (51) . This ODC/polyamine system has been shown to be important for neuronal cell development (51) and modulates the ion channel and calcium-dependent transmitter release (3). Moreover, there is emerging recognition that putrescine is an alternative precursor source of GABA (53, 67), a major neurotransmitter that has an important reproductive role because of its stimulatory actions on gonadotropin-releasing hormone and luteinizing hormone release in goldfish (46) . The increased ODC1 expression after fadrozole treatment may indicate an enhancement of the ODC/polyamine system and/or suggests a new pathway for E2 to regulate GABA production in addition to the known effects of E2 on glutamic acid decarboxylase in goldfish (46) .
In conclusion, we used fadrozole to impair estrogen production in the female goldfish at a crucial stage in the reproductive cycle and evaluated the associated physiological effects on neuroendocrine and reproductive systems. We profiled gene expression changes in the brain upon fadrozole-induced E2 reduction that was further verified by the real-time PCR. Functional annotations and GO analysis revealed several regulatory themes for physiological E2 actions in the fish brain, including the regulation of the calcium signaling pathway and autoregulation of nER action by influencing global gene expression. Our results may serve as a basis for understanding estrogen action and estrogenic endocrine disruption of neuroendocrine function in the vertebrate brain.
